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Abstract
In this paper we analyse the optical properties of an anisotropic nematic liquid crystal with the channelled spectrum method. The
nematic liquid crystal, oriented homeotropically, placed between two crossed polarizer’s and illuminated with a parallel beam of
white light, is subjected to rectilinear oscillatory shear. The transmitted light by the sheared sample is projected on the slit of the
spectroscope. A dynamic channelled spectrum is then observed. The number of the grooves of the dynamic channelled spectrum
increases progressively according to the amplitude of shear. The channelled spectrum resulting from the interference between the
ordinary and the extraordinary beams is analyzed to deduce the birefringence and the molecular orientation of the sheared
nematic sample.
© 2009 Elsevier B.V.
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1. Introduction:
Liquid crystals (LC) are materials which are composed of large asymmetric molecules and the physical properties
of the system vary with the average alignment with the director [1-2]. The optical properties of LC depend on the
arrangement of the chain molecules as well as on the specific proprieties of the crystallities [3]. Birefringence gives
a measure of orientation, which is an average of the molecules orientation in respect to the angle θ measured from
the normal of the substrate surfaces. The average birefringence of an anisotropic uniaxial medium is defined by:
Δn= neff -no [4] where neff and no are respectively the effective extraordinary and ordinary refraction indices. The
value of neff depends on the orientation of optical axis, and is comprised between no, at homeotropic orientation (the
molecules are perpendicular to the glass plates), and a maximal value ne (the principal extraordinary index) at planar
orientation (where the molecules lie in parallel with the glass plates).
Experimental methods for the measurement of refractive index and birefringence of materials have evolved
considerably over the years [5–10]. A variety of Interferometic and electro-optic techniques are suggested to
measure birefringence of anisotropic materials for respectively constant and variable path difference.
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In this paper, one presents a nematic liquid crystal, uniaxial birefringent material, at homeotropic orientation,
submitted to rectilinear oscillatory shear. Thus the orientation of the optical axis oscillates with an angle θ in respect
to the incident direction of propagation of light. In this case, the path difference and the birefringence increases
progressively, according to the oscillatory shear amplitude applied [11]. The aim of this work is to measure the
orientation of the optical axis of the nematic liquid crystal at homeotropic orientation when it’s submitted to
oscillatory shear for different amplitudes, by an interferometric technique consisting in analysing the light
transmitted by the sample with a spectroscope. The spectroscope splits the transmitted light versus the wavelengths
and a spectrum of dark bands are observed in the spectrum of emergent light, which is commonly named
“channelled spectrum”. In our experiment one observes a dynamic channelled spectrum, oscillating according to the
frequency and the amplitude of shear applied. The number of dark bands in the channelled spectrum increase with
the path difference. So knowing the number of the dark bands and their positions (corresponding wavelengths), one
can deduce the birefringence and the local orientation of the optical axis according to the external applied shear
amplitude. The paper is divided into three main sections. In Section 2, the principle of the method, the experimental
mechanic and optical setup are presented. Section 3, contains the experimental results of path difference
measurements and birefringence determinations at the wavelength 579.1 nm for nematic liquid crystal cells. In this
section one suggests also an experimental method for the measurement of a small optical path difference produced
by a low birefringence, when the nematic sample homeotropically aligned is submitted to low shear amplitude.
2. Theoretical consideration and experimental setup
2.1. Principle of the method
In the channelled spectrum method, birefringent materiel is placed between crossed polarizers and illuminated
with light of varying wavelengths. For some wavelengths, the phase retardations produced between the ordinary and
extraordinary rays is an integral multiple of 2π. The analyzer extinguishes such rays, and correspondingly dark
bands are produced in the spectrum of emergent light.
Fig. 2, which will be described in the next section, shows how the experiment can be performed for measuring
the optical path difference of anisotropic materials, induced by an external mechanic deformation for different
amplitudes of shear. The whole system is illuminated by a white light beam.
Let So be the amplitude of the incident wave on the crystal face. When passing through the nematic sample, the
incident light beam, which is linearly polarized lies at 45° to the fast and slow axes, is split in two orthogonal
emergent components S1 and S2 such as:
t
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where Φ is the phase-difference between the ordinary and extraordinary components. After going out of the
nematic sample, the two orthogonal components S1 and S2 are projected along the analyser direction. A simple
calculus [4] gives the intensity of the light transmitted by the analyzer A crossed to the polarizer P. The intensity I of
the detected beam is then given by :
2/sinII 20 Φ= , with λ
πδ
=Φ 2
where, Io = So2, is the light intensity under full transmission and δ = e Δn, the path difference. The intensity of the
light transmitted by the analyzer undergoes a modulation that depends on the phase-difference and thus on the
birefringence introduced by the sheared nematic sample.
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2.2. Experimental setup
The sample used for the experiment is a 4-4'-n-heptyl-cyanobiphenyl (7CB). Molecules have large permanent
dipoles parallel to their principal axis (in the direction of C:N bond) [1]. With increasing temperature, the melting
(crystalline-nematic transition) and nematic isotropic transition take place at Tc = 28,5° C and Tn-i = 42° C. (Fig .1).
Fig. 1. Scheme and temperatures transitions of Nematic liquid crystal, 7CB
The homeotropic orientation of the sample is obtained with the two glass plates treated with Poly-vinyl-alcohol
(P.V.A). In order to obtain a good orientation, the sample must be cooled very slowly (0.01°C per min) from
isotropic to nematic phase [12]. So the sample is placed in an oven with a temperature regulation better than 0.1°C,
which allows for a very low cooling velocity.
2.2.1. Interferometric measure of the thickness.
The dynamic shear cell is essentially formed by two glass plates, whose thickness and parallelism are adjustable.
One controls the corner air angle α realized between the two glass plates by means of interference fringes in parallel
laser beam (Λ = 0.6328 μm). Following the type of interference fringes and the value of the interfering i (i = Λ/2α),
one can characterize completely the parallelism, with a precision in the order 10-3 rd.
The thickness L of the liquid crystal sample is measured by Michelson interferometer. As shown in Ref. [12], it is
given by the relationship (L = P2-P1/ni-1), where ni is the isotropic index and P1, P2 are the respective positions of the
adjustment of the optical contact in absence and in the presence of crystal at isotropic state, with an uncertainty
better than 5%.
2.2.2. Mechanical stress setup:
The cell is composed of two glass plates (Fig. 2), the lower plate is cemented to a support S1 the upper one is
fixed at a support S2 which is connected to a loudspeaker. The displacement of the loudspeaker membrane allows
for an alternating motion perpendicular to the molecules orientation. The loudspeaker is fed through a low-
frequency generator and an amplifier operating from 10-2 Hz to 103 Hz.
The amplitude of the upper plate displacement can be progressively increased from 0.1 μm to several microns.
This displacement is controlled by a Fabry-Perot interferometer formed by a mirror M2, parallel to a separator M1,
which are respectively fixed to the supports S2 and S1. During shear, the system M1, M2 is illuminated by He-Ne
laser beam (Λ = 0.6328 μm) which gives, by reflection, a system of rings. The scrolling of the system of rings, when
projected on a Photomultiplier, allows us to measure the difference of the step (δ = 2d = kΛ) and to deduce the
displacement amplitude (d = kΛ/2) with a precision better than 0.1 μm, knowing that k is the number of scrolled
rings for one half period of shear [12-13].
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2.2.3. Optical setup:
The optical setup to produce two-beam white light interference fringes in transmission is shown in Fig. 2. WL is a
white light source, L1 a condensing lens with a short focal lens to produce a parallel beam of light, P1 a linear
polarizer to give a linearly polarized beam of light, C an anisotropic sample to be investigated, P2 a linear analyzer
which is crossed with P1 and L3 an achromatic imaging lens where its focal plane coincides with the slit of a grating
spectroscope Sp, which has nearly a linear dispersion of 1 nm/mm. The fringes are seen on the spectral plane of the
spectrograph.
At the beginning of the experiment, the grating spectroscope is calibrated using five wavelengths, mercury lines
(579.1, 577.0, 546.1, 491.6, 435.9 nm). The position of each spectral line on the photographic film is mentioned.
Then a relation between the wavelengths and their positions on the spectral plane is found. Fig. 3, is a reproduction
of the resulting white light interference fringes formed with: (b) the reference channelled spectrum of a mica sample,
(c) dynamic channelled spectrum of the nematic sample, (a) an emission spectrum of a mercury lamp which allows
to classify the channelled spectrum following the order of the observed grooves.
3. Results and discussion
3.1. Dynamic channelled spectrum at homeotropic state (Δn =0)
At homeotropic state the molecules are oriented perpendicular to the glass plates (so the birefringence (Δn = 0)
and thus the path difference is null. When applying a rectilinear oscillatory shear amplitudes to the upper plate of the
nematic cell, progressively from 0.1μm to several microns (below 15 μm, for cell thickness of 50μm) with
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Fig. 2: Experimental set-up for the study of the local
birefringence of nematic liquid crystal under oscillatory shear:
PC, monitor; A, analyzer; C, crystal sample; P, polarizer; Sp,
grating spectroscope; WL, white light; LP, loud speaker; GBF,
low frequency generator; E, projection screen; CCD, camera;
FP, Fabry-Perot interferometer; M1,M2, Fabry-Perot mirrors;
L, laser; R, recorder; PM, photomultiplier.
Fig. 3 :Spectrograph of the nematic liquid crystal 7CB, (a) spectra lines of
the mercury lamp, (b) reference channelled spectrum of a mica film, (c)
dynamic channelled spectrum of the nematic sample, λref : corresponding
wavelengths of the reference grooves spectrum of the mica film, λs :
corresponding wavelengths of the grooves of the nematic sample, and k is
the order of the observed reference grooves.
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frequency of 0.5 Hz, one observes on the spectrograph the displacement of only one groove. The path difference is
very low and it’s difficult to make measures.
To resolve this problem of low path difference when applying low shear displacement amplitude, we suggest the
use of a thin slice of birefringent specimen (mica sheet of 150 μm thickness) which is placed over the nematic
sample and between the crossed polarizers to shift the path difference. So the total path difference is given by :
λ=Δ+Δ=δ+δ=δ knene 00n0T (1)
00000 kne λ=Δ=δ (2)
=Δ=δ ne
n 000T kk λ−λ=δ−δ (3)
where 0δ : is the constant path difference of the mica sheet, which produces fixed grooves spectrum served as
reference (Fig. 3b),
n
δ : is the path difference of the nematic sample when applying alternating shear and Tδ is the
result of the path difference induced by the mica sheet and the path difference provoked locally by the alternating
shear applied to the nematic sample. k0 and k are respectively the reference and the shifting groove order for the
wavelengths λ0 and λ. Fig.3c shows the shifting of the channelled spectrum, the corresponding displacement being
proportional to the variation of the path induced by the shear amplitude. In the case where k = k0 (Fig. 3b-3c), the
shifting path difference,
n
δ , of the sheared nematic film, can be written as :
n
δ = k (λ - λ0) = k Δλ (4).
Then one can see that the local birefringence, Δn, of the sheared nematic sample, (at a given amplitude of shear),
can be obtained from (Eq.4), when using a sample of constant thickness e. One gets:
e/k)nn(n 0eff λΔ=−=Δ (5)
In the Ref. [14] the refractive indices of 5CB and 7CB are shown at various temperatures and wavelengths. The
7CB ones are (ne = 1.6981, no = 1.5216) at 30°C temperature and for λ = 577 nm. Therefore, the effective
extraordinary index, neff , can be deduced from (Eq.5). From the index ellipsoid equation (Eq. 6), the extraordinary
effective index, neff , can be expressed according to the angle θ, as :
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where θ, is the angle between the optical axis and the light propagation direction. Consequently, the orientation
of the nematic molecules, θ , can be deduced from (Eq. 6). So one gets:
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where neff , is given from (Eq.5). The results of measurements of birefringence and local orientation of the optical
axis, for low shear amplitude (below 15μm) are shown in (Fig. 4a).
3.2. Calibration of a birefringent slice, mica sheet.
In this experiment, white light is in the normal incidence of the thin nematic film (The setup is illustrated in Fig.
2). The transmitted light from the sample is collected by spectroscope and dispersed by a grating. A mercury lamp is
used and spectra lines of the mercury are superimposed on the channelled spectrum as a reference.
Thus, for neighbouring dark bands at wavelengths λ0 and λ1, having absolute fringe orders k and (k + 1),
respectively,
we can write:
0000 kne λ=Δ=δ (8)
1000 )1k(ne λ+=Δ=δ (9)
where eo is the mica sheet thickness and Δno it’s birefringence value. Here the fringe of order k is treated as an
arbitrary ‘‘reference fringe’’. For N dark bands (Eq.9), can be expressed as:
11000 kne λ=Δ=δ (10)
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where k1, k2, ¸λ1 and λ2 are the interference orders and wavelengths of the known spectra. N is the difference of two
interference order which will be the dark bands between two spectra lines in the channelled spectrum, so we can
express (Eq.10) as:
21
2
1
Nk
λ−λ
λ
= (11)
Since the wavelength of the spectra lines of mercury are known, we are going to calibrate the spectroscope using
the 2 known spectra lines of the mercury lamp, which is indigo (435.8 nm) and strong yellow doublet (579.1 nm)
(Fig.3a), by using the following relationship:
Nk
k
1
11
unknown +
λ
=λ (12)
We observe 7 dark bands between this 2 known spectra lines (Fig. 3b). By using (Eq.11) we find that the
interference order of indigo light and strong yellow doublet are 27 and 21 respectively. After the interference order
is measured, thus we can start calibrating the spectrograph, then the path difference and the birefringence of the
mica sheet are deduced. One finds respectively,
110 k λ=δ = 21 x 0.5791 = 12.16 μm, 000 e/n δ=Δ = 8.10×10 ². On the
other hand, Fig. 3b-3c shows that the interference order, ks, of the sheared nematic sample can be taken equal to the
reference one, kref , of the mica sheet for low shear amplitude. When the spectrograph is calibrated, the shifting wave
length, Δλ =λs - λref , can be easily measured (Fig. 3c). Consequently knowing both the interference order
k = ks = kref , and the shifting wave length Δλ. The extraordinary effective index, neff ,and the orientation of the
nematic molecules, θ , can be deduced respectively from (Eq. 5) and (Eq. 7). The results of measurements of
birefringence, for low shear amplitude (below 15μm) are shown in (Fig. 4a). For high shear amplitude (over 15 μm)
one observes the scrolling of dark grooves. The number of the grooves observed increases progressively according
to the amplitude of shear. The birefringence is large enough and we didn’t need the use of the mica sheet to shift the
birefringence. In this case the birefringence versus the shear amplitudes are plotted in (Fig. 4b). The local
orientations of the molecules, θeff , according to the low and high amplitudes of shear are plotted in (Fig. 5).
As a result, one notes, that the local birefringence Δn of the LC varies according of the shear applied
perpendicular (at x-direction), to the optical nematic axis aligned homeotropically in the z direction. When no shear
is applied, the molecule director is perpendicular to the glass plate surfaces. If shear is applied in the x-direction, the
molecules tend to align in the direction of the shear. When the latter is sufficiently large, the tilt of the LC molecules
approaches 90°, and the LC molecules lie on the glass surface (planar orientation). Thus the tilting of the molecules
induces an increase of the effective extraordinary index (Fig. 4b), which can reach the principal extraordinary index
ne at planar orientation. So the phase retardation is increased,
λ−π=Φ /e)nn(2 0eff
Fig. 4a. Birefringence versus the
displacement d for low amplitude of shear
(below 15 μm), measured with the use of
the birefringent slice of mica sheet.
Fig. 5. The molecular orientation in
the bulk versus both the low and high
amplitudes of shear.
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The tilt angle and thus the phase-shift introduced by the LC cell is related to the applied shear.
4. Conclusion
We report a convenient and accurate technique for measuring the optical path difference induced when applying
an alternating rectilinear shear on a birefringent LC at homeotropic orientation. This technique consists in analyzing
the light transmitted by the sheared nematic sample with a grating spectroscope. One observes shifting of the
dynamic channelled spectrum and the scrolling of dark grooves respectively for low and high shear amplitudes.
From the dynamic channelled spectrum, the optical path differences and thus the local molecular orientations are
deduced. This method is simple and fast, its precision is limited by experimental measure of the number of defiled
grooves when applying a high frequency oscillatory shear. This method can be improved by replacing the optical
determination of the number of grooves, by a spectrometer measurement where the number of grooves and their
positions are precisely mentioned on the spectrometer interferogram.
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